We explore the dynamics and the steady state of a driven quantum spin coupled to a bath of fermions, which can be realized with a strongly imbalanced mixture of ultracold atoms using currently available experimental tools. Radio-frequency driving can be used to induce tunneling between the spin states. The Rabi oscillations are modified due to the coupling of the quantum spin to the environment, which causes frequency renormalization and damping. The spin-bath coupling can be widely tuned by adjusting the scattering length through a Feshbach resonance. When the scattering potential creates a bound state, by tuning the driving frequency it is possible to populate either the ground state, in which the bound state is filled, or a metastable state in which the bound state is empty. In the latter case, we predict an emergent inversion of the steady-state magnetization. Our work shows that different regimes of dissipative dynamics can be explored with a quantum spin coupled to a bath of ultracold fermions.
Inspired by the tremendous experimental progress, here we analyze the dynamics of a quantum spin interacting with an ultracold fermionic bath ( Fig. 1 (a)-(b) ). We consider a situation where the spin performs radiofrequency (RF) driven Rabi oscillations, and study their frequency renormalization and damping due to spin-bath interactions. We find that this system realizes various regimes of dissipative dynamics. Moreover, we predict an emergent inversion of the steady-state magnetization when the scattering potential creates a bound state yet the driving is tuned to a metastable state in which the bound state remains unoccupied. The sign of the steady-state magnetization mz of the driven quantum spin is shown as a function of inverse scattering length 1/kF a and detuning ∆/EF . Along the solid lines mz vanishes and non-trivial powerlaw frequency renormalizations and damping of the Rabi oscillations are found. A transition from normal mz > 0 to inverted mz < 0 magnetization emerges below the metastable state, red shaded area.
We consider an experimentally relevant situation where the host fermions interact with the impurity via contact interactions, such that only s-wave scattering is important. Without loss of generality, we assume that only one of the spin states, |↑ , interacts with host fermions with scattering length a, while the other, |↓ , does not. This scenario has been experimentally realized e.g. in [20, 21] . We mostly focus on the case when arXiv:1306.2947v2 [cond-mat.quant-gas] 2 Jan 2014 the quantum spin can be treated as immobile (this is true when the impurity is localized by a strong potential [28] or is very heavy compared to host fermions). Two cases should be distinguished: (1) a < 0, when the impurity potential does not create a bound state, and (2) a > 0, when a bound state exists [29, 30] . We show below through analytic arguments and numerical simulations that in both cases, in the low-energy limit, our problem maps onto the spin-boson model with an ohmic bath, characterized by the low-energy spectral density J(ω) = 2αω [31] [32] [33] where α is the dimensionless coupling strength, that is widely tunable by changing the scattering length a. Further, the energy difference between the two states in the spin-boson model is controlled by the frequency of the driving field.
In case (1), a < 0, the dissipative coupling can be related to the scattering phase shift at the Fermi level,
Even richer is case (2), a > 0, where depending on the driving frequency, the physics of the driven quantum spin is governed by effective spin-boson models with two different couplings. When the driving frequency is such that the bound state is populated during the Rabi oscillations, the coupling constant of the equivalent spin-boson model is
It is, however, also possible to tune the frequency to a metastable state with unoccupied bound state. In that case, the coupling constant of the equivalent spin-boson model is given by α 1 , as in case (1). This allows one to explore a much broader range of coupling parameters, and, in particular, to approach the overdamped regime [31] . Further, the dissipative phase transition of the spin-boson model at α = 1 [31] can be explored with a multi-component Fermi bath.
Model.-Our system is described by an effective onedimensional Hamiltonian The parameters Ω 0 and ∆ represent the tunneling amplitude between two spin states and the detuning, and can be independently controlled in experiment by changing the strength and frequency of the RF field. We will be interested in the situation where at t < 0 the spin is in the |↓ state, and fermions are in the ground state |FS . The driving is turned on at t = 0. We will explore how the populations of the two spin states, n σ := n σ (t) , σ ∈ {↓, ↑}, which are readily accessible in experiments, evolve with time.
Relation to spin-boson model.-In order to establish a low-energy description of our model for the case a < 0 (no bound state), we bosonize Hamiltonian (3) [4, [34] [35] [36] [37] and find
which corresponds to the spin-boson model with an ohmic bath and dimensionless coupling α 1 . Eq. (1) relates α 1 to the parameters of the microscopic model. The energy of the |↑ state is renormalized by the interactions with the Fermi sea (3) [38] :
where m is the mass of host atoms and E F is the Fermi energy. Thus, the two families of states, one involving the |↓ state and the other the |↑ state, become effectively degenerate when the detuning compensates the energy renormalization, i.e., ∆ = ∆E. Generally, the energy difference is = −∆ + ∆E, which describes the effective bias of the quantum spin. The effective bias , determines the steady-state magnetization m z := lim t→∞ { n ↑ (t) − n ↓ (t) } [39, 40] , whose sign we plot in Fig. 1 (c) as a function of the detuning ∆ and the scattering length a. For = 0, i.e. along the solid red line, m z = 0. For a > 0, the situation is more involved, because of the presence of the bound state whose population dynamics influences the oscillations of the quantum spin. The oscillations occur between two families of states, one with the quantum spin in the |↓ state and the other with the quantum spin in the |↑ state. Our finding is that the latter can be either the ground state of the spinup sector |Ψ g ↑ in which the bound state is occupied, or the metastable state |Ψ m ↑ in which the bound state is empty.
In order to understand the two regimes and their properties, it is instructive to consider the correlation function F (t) = Ψ ↓ |e −iĤt |Ψ ↓ . It should be noted that F (t) determines spectral, rather than dynamical properties, yet, it will give us useful intuition. Following Yuval and Anderson [41, 42] , F (t) can be represented as a perturbative series in Ω 0 , where at order n the spin flips n times at times t 1 , t 2 , . . . t n . This reduces the problem to understanding the response of the Fermi gas to a potential introduced at t 1 , t 3 , . . . t n . In the absence of the bound state, such responses have a characteristic form of a Cauchy determinant [41] . The only parameter that enters those expressions is α 1 . To obtain F (t), one then should sum over different spin flip times.
When the impurity potential creates a bound state, the response of the Fermi gas for a given spin trajectory contains different contributions, coming from the intermediate states in which the bound state is either filled or empty. However, when detuning is such that |Ψ ↓ is resonant with either the metastable |Ψ m ↑ or the ground state |Ψ g ↑ , the contributions from intermediate states of one kind would dominate. Contributions of the other kind will oscillate rapidly (due to the large energy difference involved) and therefore, upon integration, their contribution will become negligible.
For the case of only one spin flip, when the response function corresponds to the Anderson orthogonality catastrophe [43] [44] [45] it is known that both contributions have a similar power-law form, but with different exponents. The first contribution (empty bound state) is characterized by an exponent 2α 1 , while the second one (filled bound state) by 2α 2 . Generalizing this to the case of many spin flips, one can show, by extending the analysis of Combescot and Nozières [29] , that the second contribution has the same form as the first one, but with exponent 2α 2 . Thus, F (t) is characterized by either α 1 or α 2 depending on the resonance condition.
The above argument strongly suggests that, effectively, our model becomes equivalent to the spin-boson model with coupling α 2 when ∆ = ∆E + E b − E F , E b being the bound state energy, [blue line in Fig. 1 (c) ] and with α 1 when ∆ = ∆E, [red line in Fig. 1 (c) ]. To substantiate this expectation, we performed numerical simulations of the spin dynamics of Hamiltonian (3) using matrix product states (MPS), where the initial ground state of the system is determined by density matrix renormalization group [46, 47] . The time evolution with switched-on driving field is calculated with time evolving block decimation [48, 49] . We choose in (3) the dispersion of a one-dimensional lattice k = −2J cos k at half filling [50] , for which we find the relation −k F a = V /v F by comparing the scattering phase shift of the lattice and the continuum. We measure the occupation of the hyperfine statesn ↓ andn ↑ , respectively, from which we extract the renormalized Rabi frequency as well as damping by fitting to a damped, harmonic oscillator superimposed with a linear slope [37] .
Driving at resonance ( = 0).-We first consider zero effective detuning = 0 and thus follow the solid lines in Fig. 1 (c) , where m z = 0. The numerically calculated time evolution of n ↓ for driving strength Ω 0 = 0.1E F , negative scattering length a < 0, and ∆ = ∆E is shown in Fig. 2 (a) , solid lines. With increasing interaction strength |k F a|, the Rabi frequency Ω is strongly reduced while the damping rate γ is enhanced. n ↓ is shown in (b) for positive scattering length k F a = 2 but different values of the detuning ∆ = ∆E and ∆ = ∆E + E b − E F . When tuning to the bound state branch the dressed Rabi frequency decreases significantly, illustrating that the coupling α increases due to the increase of scattering phase shift by π.
To confirm the equivalence of the dynamics to that of the spin-boson model, we fit the numerical data by the analytical results obtained from noninteracting blip approximation (NIBA), which is a weak coupling expansion valid for α 1/2 and at short times [31, 51] . Under NIBA the dynamics is divided into coherent and incoherent contributions. The coherent part consists of dressed Rabi oscillations of frequency Ω with a superimposed exponential damping γ which are universally related through Ω/γ = − tan π/(2 − 2α). The dressed Rabi frequency Ω can be expressed as [31] We extracted the renormalization of the Rabi frequency for several values of interaction strength and detuning for Ω 0 = 0.05E F and Ω 0 = 0.1E F , Fig. 3 (a) . The branch present for both positive and negative values of scattering length is obtained by setting ∆ = ∆E, while the second branch at a > 0 is obtained with ∆ = ∆E + E b − E F . For small positive k F a the driving cannot couple effectively to the bound state as its wavefunction is of small spatial extend; hence for the ground state branch symbols are shown for k F a > ∼ 1. The powerlaw renormalization (6) of the dressed Rabi frequency is demonstrated in Fig. 3 (b) . Thus we can conclude that the dynamics of our system is well-described by an effective spin-boson model for both positive and negative scattering length.
Driving off resonance ( = 0).-The case of offresonant driving ( = 0) effectively corresponds to a biased spin-boson model. Depending on the sign of , the quantum spin has either positive or negative steady-state magnetization m z , Fig. 1 (c) .
In Fig. 4 the numerically evaluated time-dependent occupation n ↓ , solid lines, is shown for Ω 0 = 0.1E F , effective detuning = ±0.15E F , and (a) k F a = −2 and (b) k F a = 2. These numerical results are compared to a weak coupling expansion to first order in the blip-blip interaction [39, 40] , dashed lines. For negative scattering length (a) and > 0 a quantum spin prepared in |↓ decoheres only weakly; in agreement with m z < 0, Fig. 1 (c) . For < 0 (m z > 0), the occupation slowly flips with a rate that is indirect proportional to the detuning. In (b) the system is slightly detuned from the metastable branch. For < 0 the magnetization slowly reverts from negative to positive, indicating m z > 0, while for > 0, the |↓ state remains highly occupied over long times, supporting the region of inverted magnetization below the metastable branch shown in Fig. 1 (c) .
Summary and discussion.-We studied the dynamics of a driven quantum spin coupled to a fermionic bath which can be realized with an imbalanced mixture of ultracold atoms. Two hyperfine-states of the minority atoms serve as spin states and atoms themselves are spatially localized by a strong optical lattice [28] . We used the mapping to the spin-boson model to study the problem analytically. For the unbiased case ( = 0), the spinboson model exhibits a dissipative phase transition at coupling α = 1 [31] [32] [33] . With a single component bath, the coupling can take values (1) 0 < α 1 < 1/8 and (2) 1/8 < α 2 < 1/2. For a < 0 range (1) can be explored, while for a > 0 both ranges are accessible. To explore an even broader range of α, one may consider an impurity immersed in a multi-component Fermi gas. Such gases can e.g. be realized with alkaline-earth atoms [52] [53] [54] that obey SU(N ) symmetry for which the coupling constant is enhanced by N compared to the single-channel case. Thus, for N > 2 it should be possible to explore the dissipative phase transition.
Qualitatively, the existence of two resonances is reminiscent of experiments [20, 21] , which studied mobile impurities interacting with a three-dimensional Fermi gas. In this case, at a > 0 stable and metastable polaron branches have been observed. Moreover, authors of Ref. [20] experimentally studied Rabi oscillations of the impurity spin at resonance. It should be noted, however, that for a mobile impurity, effectively, the Fermi gas provides a sub-ohmic, rather than ohmic bath. In this case the effect of the bath is generally described by damping, and no dissipative phase transition exists [31] . It is possible, however, that at short times, and for heavy impurities (as was the case in Ref. [20] ), our results will still be applicable at least qualitatively.
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where we introduced left (L) and right (R) movers. We now consider new particles by performing the canonical transformation
These new particles are fermions as they obey the respective anticommutation relations. Using the transformation Eq. (8), the free Hamiltonian readsĤ
which can be expressed asĤ
using the standard bosonization prescription [36] . The transformation (8) combines positive and negative momenta of the original fermions. Therefore, it would not be useful if generic quartic interactions were present in the Hamiltonian as those would be non-local in the new operators [36] . For our model, however, one finds that the interaction part between the fermions and the impurity couples only to the new right moving fermionŝ
In the second line we made use of the fact that right moving particles with full degrees of freedom can be equivalently expressed as left and right moving particles with half as many degrees of freedom via the relation a R (x < 0) = a L (−x) [36] . To indicate that only half of the degree's of freedom have to be considered we added the subscript h to the field φ(x). The full interaction part thus transforms as
whereσ z is shifted by the identity, since in the fermionic model the interaction is proportional to |↑ ↑|. The local forward scattering −V ∇φ h (0) π can be removed by a transformation of the form
where Θ is the Heaviside step function. In Eq. (13) we transformed half of the degrees of freedom indicated by h while the other halfh remains invariant. With that one finds for the low energy properties of Hamiltonian (3)
In standard boson notation the Hamiltonian readŝ
which corresponds to Eq. (4) in the main text when identifying
We obtain the latter relation from comparison with the spectral-density of the spin-boson model [31] 
where λ q describes the coupling to the bath. For an ohmic bath, the low-energy spectral function is of the form
Comparing Eq. (14) with the spin-boson model [31] , we find λ q = 2V q 2πL 1/2 for q > 0 and λ q = 0 for q < 0 and thus
From Eqs. (17) and (18) we then find Eq. (15) .
Numerical values
In Tab. I we list numerical values for the ground state energy E, the spin-bath coupling α 1 , α 2 , and the energy renormalization ∆E, ∆E + E b − E F as a function of the interaction strength V (k F a) obtained from the lattice model, which we simulate using matrix product states. The considered system consists of L = 200 sites and N = 100 particles. 
